Tropane alkaloids (TAs), especially hyoscyamine and scopolamine, are important precursors for anticholinergic and antispasmodic drugs. Hyoscyamine and scopolamine are currently obtained at commercial scale from hybrid crosses of Duboisia myoporoides Â Duboisia leichhardtii plants. In this study, we present a global investigation of the localization and organization of TA biosynthesis in a Duboisia myoporoides R. Br. wild-type line. The tissue-specific spatial distribution of TAs within D. myoporoides is presented, including quantification of the TAs littorine, 6-hydroxy hyoscyamine, hyoscyamine, scopolamine and, additionally, hyoscyamine aldehyde as well as scopolamine glucoside. Scopolamine (14.77 ± 5.03 mg g ). During development, the spatial distribution of all investigated alkaloids changed due to secondary growth in the roots. Transcripts of pmt, tr-I and cyp80f1 genes, involved in early stages of TA biosynthesis, were found to be most abundant in the roots. In contrast, the transcript encoding hyoscyamine 6b-hydroxylase (h6h) was highest in the leaves of 3-month-old plants. This investigation presents the spatial distribution of biochemical components as well as gene expression profiles of genetic factors known to participate in TA biosynthesis in D. myoporoides. The results of this investigation may aid in future breeding or genetic enhancement strategies aimed at increasing the yields of TAs in these medicinally valuable plant species.
Introduction
Duboisia myoporoides is an indigenous Australian plant distributed along the Eastern Seaboard (Luanratana and Griffin 1980) and has been used for tropane alkaloid (TA) exploitation for centuries by Indigenous Australians (Ratsch et al. 2010) . TAs are secondary plant metabolites which are mainly found in several Solanaceae species, including the genera Hyoscyamus, Atropa, Datura and Duboisia (Hughes and Shanks 2002) . Scopolamine is the most valuable TA due to its higher pharmacological activity and lower adverse effects compared with other TAs (Palazón et al. 2003) . Scopolamine exhibits strong anticholinergic properties and is used as a precursor for pharmaceutically active substances such as N-butyl scopolamine or tiotropium bromide. Due to its complex stereochemistry, chemical production of scopolamine is not economically competitive in comparison to extraction from producing plants (Nocquet and Opatz 2016) . Currently, hybrids of the two Duboisia species, D. myoporoides R. Br. Â D. leichhardtii F. Muell. (Luanratana and Griffin 1980) , are used for large-scale commercial scopolamine production (Ullrich et al. 2016) . In this study, the wild-type D. myoporoides R. Br. was used in order to understand the fundamental intricacies of scopolamine biosynthesis.
The biosynthesis of TAs in several Solanaceae plants, e.g. Atropa spp. (Suzuki et al. 1999) , Datura spp. (Conklin 1976) and Hyoscyamus spp. (Hashimoto et al. 1989 ) has been described to take place in roots, thus this organ has been intensively investigated in the literature. Fig. 1 depicts the TA pathway in Solanaceae plants, including known and unknown enzymes. TA biosynthesis begins with the amino acids ornithine or arginine, which are converted to putrescine (Coleman et al. 2004 , Majumdar et al. 2016 . Putrescine is then methylated to N-methylputrescine via the enzyme putrescine N-methyltransferase (PMT; EC 2.1.1.53).
Oxidative deamination of N-methylputrescine to the aldehyde 4-methylaminobutanal by a diamine oxidase, the N-methylputrescine oxidase (MPO; EC 1.4.3.6), then takes place. N-Methylpyrrolium cation, a branch point in TA and nicotine biosynthesis (Courdavault 2010) , is formed by spontaneous cyclization of this aldehyde. Although enzymatic activities have not yet been described, it is purported that hygrine is formed by the condensation of N-methylpyrrolium cation and acetoacetic acid. Cyclization of hygrine leads to tropinone, which can be reduced by the tropinone reductase I (TR-I; EC 1.1.1.206) to form 3a-tropanol (tropine) or, respectively, by the tropinone reductase II (TR-II; EC 1.1.1.236) to form 3b-tropanol (pseudotropine) (Nakajima and Hashimoto 1999) . Pseudotropine is the first specific intermediate in calystegine biosynthesis (Dräger 2006) . Tropine, however, condenses with phenyllactyl-CoA to littorine. Littorine is rearranged via a cytochrome P450 littorine mutase/monooxygenase (CYP80F1; EC 1.14.14.1) to hyoscyamine aldehyde and is purported to be reduced by an alcohol dehydrogenase (Li et al. 2006 ) to hyoscyamine. During TA biosynthesis, the two final reaction steps are catalyzed by a hyoscyamine 6b-hydroxylase (H6H; EC 1.14.11.11), which exhibits a strong hydroxylase and weak epoxidase activity (Hashimoto et al. 1993 ). 6b-Hydroxy hyoscyamine is first generated, which is then subsequently epoxidized to the final product scopolamine (Averesch and Kayser 2014) . Cell-specific compartmentalization of scopolamine biosynthesis was previously observed in the root tissue where expression of the genes putrescine N-methyltransferase (pmt) in Atropa belladonna (Suzuki et al. 1999 ) and hyoscyamine 6-hydroxylase (h6h) in Hyoscyamus niger (Kanegae et al. 1994 ) was detected in the pericycle. The enzyme TR-I, however, was present in the endodermis and cortex in H. niger (Hashimoto et al. 1992, Nakajima and .
Although TA biosynthesis in the root has been investigated intensively, no detailed investigation of TA production in the remaining parts of the plant has been performed. Here, we have focused on the biosynthesis and storage of TAs in the different Fig. 1 Tropane alkaloid biosynthetic pathway in Solanaceae plants. PMT, putrescine N-methyltransferase (EC 2.1.1.53); MPO, N-methylputrescine oxidase (EC 1.4.3.6); TR-I: tropinone reductase I (EC 1.1.1.206); CYP80F1, littorine mutase/monooxygenase (EC 1.14.14.1); H6H, hyoscyamine 6b-hydroxylase (EC 1.14.11.11); *Enzymes unknown/spontaneous reaction possible. Underlined enzymes were investigated by qPCR in this study .
tissues of D. myoporoides during plant development. The main objective of this study is to understand the localization and organization of TA biosynthesis during development from young (6 weeks old) to mature (6 months old) plants. Quantification of the alkaloids littorine, hyoscyamine, 6-hydroxy hyoscyamine and scopolamine in the different plant organs during development was performed by combination of qualitative matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI), quantitative HPLCmass spectrometry (HPLC-MS, hereafter LC-MS) and quantitative analysis of scopolamine biosynthesis-related gene expression by quantitative real-time PCR (qPCR) was conducted. The investigations performed in this work present a detailed analysis of the tissue-specific biosynthesis of TAs in D. myoporoides, which may aid in further plant breeding or engineering attempts to increase yields of the medicinally valuable TAs produced by this plant.
Results

Quantification of tropane alkaloids in different organs of D. myoporoides during plant development
Aqueous phosphoric acid extracts of 6-week-, 3-month and 6-month-old D. myoporoides plants were prepared for each of the three plant organs: roots, stem tissue and leaves. Alkaloids were identified using reference compounds via LC-MS. The four major alkaloids littorine, hyoscyamine, 6-hydroxy hyoscyamine (also known as anisodamine) and scopolamine (also known as hyoscine) were quantified.
Root, stem and leaf extracts exhibited different distributions of the investigated TAs during plant development. In Fig. 2 , the concentration of TAs in different plant tissues during plant growth is depicted. Littorine, an early precursor in the pathway, was only found in root tissue regardless of the growth stage of the plant (0.38-0.54 mg g -1 DW). The ratio of the remaining TAs hyoscyamine, 6-hydroxy hyoscyamine and scopolamine in roots varied over time, with the total remaining low (4.22-8.57 mg g -1 DW). The stem contained hyoscyamine, 6-hydroxy hyoscyamine and scopolamine, which were found in an equal ratio during plant development (6 weeks-6 months): hyoscyamine was the lowest in abundance of all TAs (0.26-1.83 mg g -1 DW), followed by scopolamine (1.03-2.46 mg g -1 DW), and 6-hydroxy hyoscyamine was the most abundant TA in stem tissue (1.59-3.02 mg g -1 DW). Although certain trends were observed in the abundance of TAs in these tissues, no statistically significant changes were found. In the leaf tissue, scopolamine increased in abundance significantly during the growth phase from 5.5 mg g -1 DW in young plants (6 weeks old) to 14.8 mg g -1 DW in mature plants (6 months old) (P = 0.015). All plant extracts were examined for scopolamine glucoside, which is purported to be the transported form of scopolamine. No reference substance was available and, hence, the mass of the quasi molecule ion was calculated ([M + H] + ; m/z 466.21), and abundance was verified via MS/MS in roots, stems and leaves. Root and stem extracts contained only traces of scopolamine glucoside. The highest amount of scopolamine glucoside was detected in leaf extracts; but in comparison with scopolamine the amount was approximately150-fold lower.
Localization of tropane alkaloids in different organs of D. myoporoides during plant development
Duboisia myoporoides plant organs were analyzed with the objective of localizing TAs within the plant to elucidate the location of biosynthesis, transport throughout development, and accumulation of scopolamine as wells as its precursors. To investigate localization of TAs in D. myoporoides, we studied tissue sections of the different plant organs; roots, stem tissue and leaves, using MALDI-MSI. Samples were chosen according to LC-MS analyses of plants at different ages (6 weeks, 3 months and 6 months). The advantage of MALDI-MSI, specifically the determination of different analytes within thin tissue sections through direct analysis in a single measurement, was used here to detect hyoscyamine aldehyde, hyoscyamine / littorine, 6-hydroxy hyoscyamine, scopolamine and scopolamine glucoside simultaneously in the same tissue section.
The TAs hyoscyamine aldehyde, littorine/hyoscyamine, 6-hydroxy hyoscyamine and scopolamine were detected in all plant organs during plant development. No individual determination of the abundance of isomers for littorine and hyoscyamine by MALDI-MSI was possible as these isomers exhibit the same mass-to-charge ratio. As depicted in the quantitative data ( Fig. 2) , in the stem and leaves, only hyoscyamine was present. In the roots, hyoscyamine and littorine were present simultaneously and, hence, the MALDI-MSI signals could not be assigned to hyoscyamine or littorine. Fig. 3 depicts the qualitative distribution of TAs in the roots over time. Fig. 3 , 1a-e, depicts the young root tissue at the age of 6 weeks, 1f-k the root tissue at the age of 3 months and 1l-p the mature roots (6 months). In the young root, TAs were found in the inner cortex and central cylinder. The young roots at the age of 6 weeks did not undergo secondary growth; the pericycle and endodermis were close together. These tissues are purported to contain TA biosynthetic genes (enzymes) and xylem is assumed to be responsible for the TA transport. In these young roots, this spatial proximity and the small size of the central cylinder, especially the xylem, may have contributed to the observation that all investigated TAs were found in the center of the root. After the root underwent secondary growth, the localization of the TAs was altered (Fig. 3, 1f -p). Associated with secondary growth, the xylem as well as the central cylinder expanded and the distribution of TAs changed to the outer part of the vascular tissue as well as the inner part of the cortex. No TAs were found in the inner central cylinder at this period in the plant's life cycle. Scopolamine glucoside signals were observed to be of lower abundance (Fig. 3, 1e , 1k, 1p) than the other alkaloids. Figs. 4 and 5 depict longitudinal and cross-sections of the stem. The highest signal intensities of all TAs were located in the outer cortex and epidermis, and within the pith; weak signal intensity was observed from the xylem. The precursors hyoscyamine aldehyde (Fig. 4, 2a; Fig. 5, 3a) and hyoscyamine (Fig. 4, 2b; Fig. 5, 3b) were found distributed in the pith area adjacent to the xylem in young plants. In mature plants, the distribution shifted towards a predominant occurrence of hyoscyamine aldehyde (Fig. 4, 2l; Fig. 5, 3l ) and hyoscyamine (Fig. 4, 2m, Fig. 5, 3m) in the outer cortex and epidermis. 6-Hydroxy hyoscyamine, however, was distributed equally in the outer cortex and epidermis as well as in the pith adjacent to the xylem in young plants (Fig. 4, 2c; Fig. 5, 3c) . In mature plants, the highest signal intensity was detected in the outer cortex and epidermis (Fig. 4, 2n; Fig. 5, 3n) . Scopolamine was predominantly present within the outer cortex (Fig. 4; 2d, 2i, 2o; Fig. 5; 3d, 3i, 3o) at all ages of the plant. Only a few signals were received that were attributable to its glucoside (Fig. 4, 2e , 2k, 2p; Fig. 5, 3e, 3k, 3p ).
In Fig. 6 , the spatial distribution of the tropane alkaloids within the leaves over different growth stages is depicted. Scopolamine ( Fig. 6 ; 4d, 4i, 4o) and scopolamine glucoside ( Fig. 6 ; 4e, 4k, 4p) were absent in the vascular tissue; however, they were present in the adjacent area of the lamina blade. In the leaves, the precursors in the TA pathway were observed to accumulate in the same distributional pattern as scopolamine and, additionally, were found in the vascular tissue surrounding the cortex.
Quantitative analysis of gene expression of different organs of D. myoporoides during plant development
By comparing known sequences of other TA-producing Solanaceae plants with our in-house cDNA library, the respective sequences for D. myoporoides were identified. The relative gene expression of four gene sequences encoding enzymes involved in the TA pathway, namely pmt, tr-I, cyp80f1 and Signal intensities are visualized by a color-coding system, starting from low intensity (blue) to high intensity (red). Scale bar = 1 mm. EP, epidermis; CO, cortex; XY, xylem; PI, pith.
h6h (see Figs. 7-10), was determined by applying quantitative real-time PCR (qPCR). According to the LC-MS and MALDI-MSI analyses, cDNA of D. myoporoides root, stem and leaf tissue of 6-week-, 3-month and 6-month-old plants was studied. Normalization was performed using glyceraldehyde 3-phosphate dehydrogenase (gapdh) as an endogenous control. The primer pairs (Table 1 ) used for qPCR were tested, amplicons were separated and the melting curves for each target were determined.
The gene expression of pmt, tr-I, cyp80f1 and h6h demonstrated differences at the transcriptional level between the different organs-leaves, stem tissue and roots-during plant growth. The transcript levels of pmt (Fig. 7) and tr-I (Fig. 8) were highest in the roots and varied in a time-dependent manner. In the roots of 3-month-old plants, the transcript level of pmt was almost 3-to 4-fold higher compared with 6-week-old and 6-month-old plants. The transcript level of tr-1 in the roots of 3-month-old plants was almost doubled compared with 6-week-old and 6-month-old plants. Leaf and stem tissue were observed to have significantly lower expression levels of these genes (pmt, P = 0.0149; tr-1, P = 0.0182). The expression level of cyp80f1 (Fig. 9) was highest in the roots, and was increased 1.2-fold between young and intermediate and between intermediate and mature plants. Stem and roots had 7-to 10-fold lower expression of this gene (statistically significant; P = 0.0096). The expression level of h6h (Fig. 10) was highest in leaves of 3-month-old plants. At this time point, a 3.5-fold higher expression level of h6h was detected in the leaves compared with the roots. In 6-week-old plants, comparable expression levels were observed for this gene in root and leaf tissue. Six-month-old plants exhibited a slightly higher expression level of h6h in the leaf tissue than in the root tissue. The expression level of h6h was lowest in all stem tissue samples. 
Discussion
Consistent with other TA-producing plants such as Atropa spp., Datura spp. or Hyoscyamus spp. (Ziegler and Facchini 2008) , we confirmed that in D. myoporoides TAs were biosynthesized in roots and subsequently accumulated in leaves. The alkaloid pattern observed in root tissue (Fig. 2) exhibited slightly higher hyoscyamine and 6-hydroxy hyoscyamine concentrations in 6-month-old plants compared with 6-week-old plants. The amount of littorine and scopolamine in the roots remained constant during plant development. This implied a marginal enrichment of the last precursors but no accumulation of scopolamine in the roots. Fig. 3 depicts differences regarding the spatial distribution of TAs in young roots and roots after secondary growth. As reported before, the genes pmt (Suzuki et al. 1999 ) and h6h (Kanegae et al. 1994) were found tissue specifically in the pericycle, and the enzyme TR-I (Nakajima and Hashimoto 1999) was located in the endodermis and cortex. This tissue-specific localization of the metabolites concerned could not be detected due to the limits of resolution of the MALDI-MSI, but differences between 6-week-old roots and roots with secondary growth (3 and 6 months old) were observed. In young roots, the endodermis, pericycle and the not yet fully developed central cylinder were close together. This spatial proximity and, potentially, short diffusion paths may have led to an equal distribution of all investigated TAs in these three tissues. Associated with secondary growth of the roots, the structure of the root changed and the xylem grew. This led to an altered spatial localization of the investigated TAs. In intermediate and matured roots, the investigated TAs were found in the outer part of the central cylinder and the inner part of the cortex, but not in the innermost part of the vascular tissue. The stem tissue was investigated in consideration of the possible transportation of TAs. Quantitative data show the absence of littorine in the stem tissue. The concentration of the other three TAs remained unaltered during plant development (Fig. 2) . The alkaloid localization, however, changed from 6-week-old to 6-month-old plants. MALDI-MSI data showed a predominant accumulation of TAs in the pith adjacent to the xylem in 6-week-old plants; this pattern shifted towards a predominant distribution of TAs in the outer cortex and epidermis in 6-month-old plants (Figs. 4, 5) . Transportation of the TAs probably occurs through the xylem. The results at first glance may be contradictory to the idea that TAs are transported through the xylem, as no TAs were found in the xylem of roots with secondary growth (Fig. 3) or stem tissue (Figs. 4, 5) . Transportation of the alkaloids is a slow process, and the 20 mm thin tissue section is only a snapshot of the entire stem length. The detection of high amounts of TAs in the tissue through which the transportation takes place was unlikely. Wink (1998) and Pakdeechanuan et al. (2012) proposed that the xylem is the transportation tissue for other alkaloid-producing plants. Here, neither quantitative LC-MS nor MALDI-MSI data revealed which particular alkaloids were transported from the site of biosynthesis to the aerial parts; however, scopolamine glucoside can be excluded as a specific transport form due to its low abundance in comparison with the other alkaloids. In the leaves, the plant organ where TAs and especially scopolamine are accumulated, significant differences regarding alkaloid distribution during plant development were observed (Fig. 2) . Contrary to Xia et al. (2016) , who reported that 6-hydroxy hyoscyamine concentration was higher in underground rather than in aerial parts of A. belladonna, our data show an equal distribution of 6-hydroxy hyoscyamine in the different plant organs of D. myoporoides. This may indicate the genus-specific differences of the accumulation of TAs in plants. As presented in Fig. 6 , TAs were distributed from the vascular tissue to the leaf tips. Due to higher concentrations in leaf blades than in the vascular tissue, simple diffusion of TAs from the xylem to the leaf tips seems to be unlikely. Although no TA-specific transporter mechanism has been reported, we postulate that there may be an active transport of these molecules by an as yet unknown mechanism. Alkaloid transporter systems are poorly investigated to date. The few available studies deal with the nicotine alkaloid transporter system and its respective processes (Shoji et al. 2008 , Shitan et al. 2009 , Pakdeechanuan et al. 2012 .
The investigation of relative expression for TA-related genes presented here increases our understanding of organ-and timedependent development of TA biosynthesis. We were interested in the changes of the expression patterns that the four investigated enzymes undergo in various organs during plant development. The gene transcripts of pmt, tr-I, cyp80f1 and h6h were detected in all Fig. 7 Gene expression of putrescine methyltransferase from D. myoporoides in leaf, stem and root tissue at three different developmental stages (6 W = 6 weeks, 3 M = 3 months and 6 M = 6 months). Relative expression level, normalized to gapdh, was calculated using the comparative ÁÁC t method. Fig. 8 Gene expression of tropinone reductase I from D. myoporoides in leaf, stem and root tissue at three different developmental stages (6 W = 6 weeks, 3 M = 3 months and 6 M = 6 months). Relative expression level, normalized to gapdh, was calculated using the comparative ÁÁCt method. plant organs during growth. In agreement with previous reports (Nakajima and Hashimoto 1999) , we were able to show that D. myoporoides constitutively expressed gene transcripts involved in TA biosynthesis. From this we can infer that TAs are important for the plants, probably due to their reported effect against herbivores and vertebrates (Wink and Schimmer 2010) . The enzyme PMT is a junction in the biosynthesis, which connects primary metabolism with the secondary metabolism that yields TAs. The higher gene expression of pmt in roots compared with leaves implies that the methylation of putrescine could probably be catalyzed in the roots. The amount of tr-I transcripts was highest in the roots during early plant development (6-week-to 3-month-old plants) and equally distributed among the three organs of mature plants, indicating that, at least in young plants, the reduction of tropinone to tropine was performed in roots. As the cyp80f1 transcript was approximately 40-fold higher in the roots than in the leaves, regardless of plant age, it can be assumed that this reaction also takes place in the roots throughout the plant's life cycle. The last gene involved in TA biosynthesis, h6h, showed a different expression pattern. In 6-week-and 6-month-old plants, equal amounts of transcripts were detected in the roots and leaves, whereas the amount of h6h was 3.4-fold higher in leaves of 3-month-old plants than in roots. Previous studies reported that no active H6H was found with the exception of in the roots of D. myoporoides (Hashimoto et al. 1991) and Datura metel (Pramod et al. 2010 ). Hashimoto et al. did not investigate the respective gene transcript and, therefore, no data regarding the presence or concentration of h6h in leaves are available. Our data, however, do not determine whether the presence of h6h transcript in leaves leads to an active H6H. Quantification of alkaloids in leaves shows that hyoscyamine and 6-hydroxy hyoscyamine, two substrates of H6H, were present in this organ. Based on our data, no final answer can be given regarding the expression and activity of the enzyme encoded by h6h. Further investigation on proteome level and activity testing of H6H is recommended to address the question of whether H6H is functionally expressed and active in the leaves as well.
Conclusion
Duboisia hybrids are currently the main source of scopolamine and have been commercially cultivated since the late 1950s (Boffa et al. 1996) . Plant-derived TAs are still a major source to produce the compound scopolamine, the most valuable TA for medicinal applications.
MSI is an advanced method enabling temporal and spatial profiling of target molecules in various biological samples (Cornett et al. 2007 ). In our study, we analyzed the time-dependent spatial distribution of TAs in different organs of D. myoporoides. In particular, we focused on root tissue, where biosynthesis takes place, stem tissue, the organ responsible for transportation, and leaves, the storage organ. In addition, quantification data supported the MSI data by providing the alkaloid pattern. Furthermore, we established qPCR experiments to determine the transcript levels of pmt, tr-I, cyp80f1 and h6h. In combining the results of spatial distribution with those regarding the quantity and pattern of the TAs as well as gene expression analyses during plant development, we were able to draw a comprehensive picture showing the organization of the biosynthesis and, in particular, highlighting the time-dependent flow and accumulation of alkaloids from roots to leaves. Our data indicate a low probability that scopolamine glucoside is used as the transport form due to its low occurrence in the stem. Yet, it is obvious that scopolamine and its precursors hyoscyamine and 6-hydroxy hyoscyamine are Fig. 10 Gene expression of hyoscyamine 6-hydroxylase from D. myoporoides in leaf, stem and root tissue at three different developmental stages (6 W = 6 weeks, 3 M = 3 months and 6 M = 6 months). Relative expression level, normalized to gapdh, was calculated using the comparative ÁÁCt method. Fig. 9 Gene expression of cyp80f1 (littorine mutase) from D. myoporoides in leaf, stem and root tissue at three different developmental stages (6 W = 6 weeks, 3 M = 3 months and 6 M = 6 months). Relative expression level, normalized to gapdh, was calculated using the comparative ÁÁCt method.
transported. To determine whether this is a limiting factor, the transportation processes and corresponding proteins must be investigated further. Although scopolamine was observed to be accumulated in leaves over time, no cell compartments have been detected where the alkaloids were stored. Thus, in order to determine which variables and whether the transporter system and storage procedures contribute to an increased, time-dependent accumulation, further studies have to be performed. By investigating the location of TA biosynthesis throughout different plant organs, we were able to elucidate details of the biosynthetic processes leading to TA accumulation in D. myoporoides. The results presented in this study may aid improved crop breeding, engineering and cultivation approaches for commercial production of scopolamine. ; lamp Eye Cera Arc PAR36, 3,500 K) with humidity set to 75%. Plants were harvested on three specific dates: after 6 weeks, 3 months and 6 months. At each time point, four replicates were taken: three biological replicates for the quantitative LC-MS-and transcriptomic analyses and one replicate for the MALDI -MS imaging experiments.
Materials and Methods
Plant material
Chemicals
Phosphoric acid (85%) was purchased from Carl Roth GmbH. Methanol (HPLC gradient grade) was obtained from Fisher Scientific GmbH, and acetonitrile (HPLC gradient grade) was purchased from VWR International GmbH. Reference compounds of the alkaloids littorine (94.2% pure), hyoscyamine sulfate (99.7% pure), 6-hydroxy hyoscyamine hydro-bromide (97.4% pure) and scopolamine (99.3% pure) were received from Boehringer Ingelheim Pharma. In addition, the internal standard scopolamine-D3 hydro bromide (99% pure) was ordered from EQ Laboratories GmbH. 
Extraction protocol and LC-MS analysis
For quantitative analysis, plant material was harvested, weighed and dried at 60 C for 24 h. Then the dry mass was determined. Dried material was ground, using a mortar and pestle, then sieved (mesh size 0.63 mm). Sample preparation (plant number: 6 W_M1-M4, 3 M_M5-M6 + M9-M10, 6 M_M8 + M14-M16) and measurement were performed according to Ullrich et al. (2016) . For extraction, 50 ± 0.5 mg of ground plant material was weighed out and 10.0 ml of 0.5% H 3 PO 4 , pH 1.6-1.7 was added to the samples. After vortexing and ultrasonic bath treatment, the solution was incubated for 18 h at 30 C, 200 r.p.m. The extract was then filtered, 250 ml of the filtrate was diluted with 200 ml of 0.5 % H 3 PO 4 and 50 ml of internal standard solution of scopolamine-D3 (final concentration: 0.7 mg l -1 ) was added. For each biological sample, three technical replicates were prepared and measured. An Agilent HPLC Infinity 1260 consisting of a 1260 Bin Pump, a 1260 Degasser, a 1200 ALS Autosampler, a 1260 TCC column oven and a 1260 DAD diode-array detector manufactured by Agilent Technologies was used. The Kinetex Core Shell C18 column (100 Â 2.1 mm, 2.7 mm) by Phenomenex (Germany) was heated to 30 C with the flow rate set to 350 ml min -1
. The mobile phase consisted of aqueous formic acid (0.1%, v/v; solvent A) and MeOH + 20% acetonitrile (solvent B). The gradient program was as follows: 0-1 min (90% A/10% B), 1-9.1 min (90% A/10% B-60% A/40% B) and 9.1-17 min (90% A/10% B). A Micro-TOF-Q MS-system (Bruker Daltonik GmbH) was coupled to the LC system, running in positive ion mode from m/z 90 to 700. TAs were detected by the m/z ratio and quantified by [M + H] + , normalized to the internal standard scopolamine-D3. LC-MS measurements of the alkaloids were performed in biological triplicates with a 3-fold determination (technical replicates). The statistical evaluation by means and SD was performed using Microsoft Office Excel. One-way analysis of variance (ANOVA) was used to determine statistically significant differences between the means (a = 0.05).
Sample preparation for MALDI imaging
Fresh plant material was tailored to small explants. The sample holder was prepared with 5% carboxymethyl cellulose (CMC) gel on which the explants were placed in the CMC gel and covered in CMC. The sample was frozen and sectioned using cryostat Microm TM HM 550 (Thermo Scientific). The theoretical thickness was set to 20 mm. After sectioning, the tissue section was transferred onto a glass slide and dried in a pre-cooled dry freezer for 2-4 h until the section was dry. DHB [2.5-dihydroxybenzoic acid; 30 g l -1 in 1 : 1 acetone-water (v/v); 0.1% formic acid added] was sprayed onto the dried sample using the matrixdeposition device SMALDI Prep (TransMIT GmbH) for 2 Â 15 min with a matrix flow rate of 15 ml min -1 and dry gas (nitrogen) flow rate of 4 l min -1 . Optical images of tissue samples were obtained before matrix application with a Leica S8AP0 microscope (Leica Microsystems).
MALDI imaging instrumentation
MALDI-MSI experiments were performed using an AP-SMALDI ion source imagine10 (TransMIT GmbH), operating with a nitrogen laser (337.1 nm) at a pulse frequency of 60 Hz and coupled to a high-resolution mass spectrometer Q Exactive (Thermo Scientific GmbH). All measurements were recorded in positive ion mode; the mass range was set to m/z 90-700 while an internal lock mass calibration was performed orienting towards the lock mass m/z 237.03936, which corresponds to the matrix ion [2M-2H 2 O + H] + of DHB. Scans were conducted at the mass resolution 140,000 at m/z 200. Spray voltage was adjusted at 2 kV and maximum injection time at 300 ms. The beam attenuation level of the ion source was set at 20 . Pixel resolutions were fixed in the range 20-35 mm. For data processing, the imaging software ImageQuest (v. 1.1.0; Thermo Scientific GmbH) was used. Ion density images were created within a mass tolerance window of ± 2 p.p.m.
Total RNA isolation and transcription into cDNA Total RNA was extracted from flash-frozen plant material (roots, stem tissue and leaves, in biological triplicates; plant number: 6 W_M1-M4, 3 M_M5-M6 + M9-M10, 6 M_M8 + M14-M16) with spin-columns (NucleoSpin Õ RNA Plus, Machery-Nagel) according to the manufacturer's standard protocols. RNA quality was determined using Nanodrop TM One (Thermo Fisher). All of the samples used for the study were pure and high in quality (A 260 /A 280 ! 1.8; A 260 /A 230 ! 1.9).
An 800 ng aliquot of RNA was used for reverse transcription in 20 ml reactions using the MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (epicentre) and oligo(dT) 21 primers. Reactions were carried out according to the manufacturer's protocols, briefly 1 h at 37 C and terminated by incubation for 5 min at 85 C. cDNA reaction was diluted with 20 ml of RNase-free water to a final concentration of 20 ng ml -1 .
Quantitative real-time-PCR
Gene expression of D. myoporoides genes pmt (GenBank accession No. KY350178), tr-I (KY350177), cyp80f1 (KY350176) and h6h (KY350175) was quantified by qPCR experiments. Reactions were performed in a 20 ml volume with 10 ml of Fast SYBR Õ Green Master Mix (Thermo Fisher Scientific), 0.4 ml of 10 mM primer mixture, 1 ml of cDNA (20 ng ml -1 ) with 8.6 ml of nuclease-free water. Amplification was performed under the following conditions: 0.5 min denaturing at 95 C; 40 cycles of 10 s denaturing at 95 C, 30 s annealing and extension at 60 C. Melting curves were recorded after running 40 cycles. The house keeping gene gapdh (EC 1.2.1.12.) was used as the endogenous control. Neither cross-hybridization nor fluorescent signals exceeding the baseline threshold were observed during this assay. The threshold was set to 1, and the corresponding C t values were calculated by the qPCR software StepOne V2.2.2 (Applied Biosystems). Quantification of the gene expression, indicated as fold change in the target genes normalized to gapdh and relative to the gene expression of sample 6 W_M1B (calibrator which contained the lowest expression of the investigated transcripts), was calculated for each sample using the comparative ÁÁC t method (Pfaffl et al. 2004) . As with the LC-MS experiments, the measurements were performed in biological triplicates, and statistical evaluation was conducted as mentioned above.
Primer design
Primer pairs were designed with the program Clone Manager 9 Professional Edition. Primer length was fixed between 18 and 22 bp and amplicons were amplified within the target sequence having a length of 70-100 bp. The T m was set to 60-65 C. Primers used for qPCR are listed in Table 1 .
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